The critical current of an internal tin Nb 3 Sn wire developed by Oxford Instruments, Superconducting Technology for International Thermonuclear Experimental Reactor ͑ITER͒ ͑OST type-I, billet No. 7567͒ has been studied under axial strain at fields between 12 and 19 T at 4.2 K. Simulating the situation in a cable in conduit, where thermally induced compressive strain is important, a single wire ͑strand͒ was jacketed with AISI 316L stainless steel. The reinforced wire shows an important increase in m , the applied strain where I c reaches its maximum, from 0.25% to 0.57%. In addition the irreversibility limit, irr , is improved from 0.50% applied strain to Ͼ1.10%. It could also be shown that the I c at zero intrinsic strain is almost identical. This demonstrates that jacketing does not influence the physical parameters of the original wire. Experimental data of the bare wire has been well fitted by different strain functions. However, it was not possible to model the data of the jacketed wire. There are indications that only models which take into account the multidimensional character of strain are able to describe the behavior but further development is required.
Improvement of electromechanical properties of an ITER internal tin Nb 3 Sn wire I. INTRODUCTION
The critical current of Nb 3 Sn wires, I c , strongly depends on mechanical loads. After applying either an axial compressive or tensile strain, a reversible variation in I c is observed in a relatively wide range of applied strain. [1] [2] [3] This results in a maximum of I c at a particular strain value, m , which depends on many parameters, e.g., the strand type, its layout and the reaction heat treatment ͑HT͒ schedule. In addition, the strain sensitivity of I c increases with higher magnetic fields. The critical current also depends on transverse compressive forces. [4] [5] [6] [7] [8] Although transverse forces in a magnet are smaller in comparison to the axial ones, they must be taken into consideration at the ultimate limit of high field magnets. It follows that the full three-dimensional ͑3D͒ stress/strain state must also be investigated when cabling is required, e.g., for a cable in conduit or in accelerator multipole magnets. High compressive loads at 4.2 K in both axial and radial direction 9 can be obtained by jacketing a Nb 3 Sn wire with stainless steel ͑SS͒, which presents a larger thermal expansion coefficient and higher yield strength at elevated temperatures.
Earlier studies have shown that SS reinforced Nb 3 Sn wires exhibit a considerably higher thermal precompression. [10] [11] [12] [13] Internally reinforced Nb 3 Sn wires containing a few SS subelements and a multifilamentary Nb 3 Sn wire, both surrounded by a copper matrix, present an important shift in m and of the irreversibility limit, irr , toward higher values. However, it was also observed that the maximum critical current at m is reduced by about 25% in the presence of SS. 10, 12 More recently, different Nb 3 Sn strands were jacketed with SS imitating cool down strain effects in a cable-in-conduit configuration. [14] [15] [16] In comparison to I c versus strain data of the bare wire, the authors deduced a higher thermally induced strain of the jacketed wire ranging between Ϫ0.57% and Ϫ0.68%, according to the strand type.
This paper is organized as follows. Section II gives some characteristics of the Nb 3 Sn wire as well as some technical details on the I c versus axial strain measurements. In Sec. III the results obtained for a bare and a jacketed Nb 3 Sn wire are reported and compared. Section IV deals with the strain scaling function and the parameterization of data for different models. This allows getting some insight on the importance of the 3D strain state. Finally, obtained results are discussed in Sec. V, followed by conclusions ͑Sec. VI͒.
II. EXPERIMENTAL

A. Samples
Some lengths of the internal tin strand for the International Thermonuclear Experimental Reactor ͑ITER͒ strand produced by Oxford Instruments, Superconducting Technology ͑OST type-I͒, taken from the billet No. 7567, have been compacted into SS tubes ͑AISI 316L͒ of 0.2 mm thickness, obtaining a final outer diameter ͑OD͒ of 1.19 mm. At this size, only a small variation in the Nb 3 Sn strand cross-section and a perfect bonding with the surrounding reinforcing tube was observed. The reaction HT of the conductor has been carried out under vacuum. The HT parameters are as follows: 210°C for 50 h, 340°C for 25 h, for 575°C for 100 h, 650°C for 100 h with a heating/cooling rate of 10°C / h. A cross-sectional view of the bare and jacketed wire after HT is shown in Fig. 1 , whereas some characteristics of these wires are summarized in Table I .
B. Measurements
The variation in critical current versus axial strain is measured with a Walters spring probe ͑WASP͒. 17, 18 The OD of the spring is 39 mm. Following the reaction HT, the Nb 3 Sn wire is wound on the WASP and soldered to the current terminals at both ends. After a strain free cool down to 4.2 K the WASP is rotated in the tensile direction and the critical current, I c , is measured. As long as the wire is not strained, the critical current as a function of rotation angle stays constant. In contrast, I c starts to increase at the angle where the rotation causes the first initial tensile strain. By this procedure, I c at zero applied strain can be determined. As a next step, the wire is soldered over its entire length on the WASP. This is imperative when measurements under axial compression are scheduled and also for the determination of the irreversibility limit. Then the wire is cooled again to 4.2 K and zero applied strain can be found by searching I c as measured after the first cool down. This implies that the I c stays reversible and is unchanged upon thermal cycling, which is normally the case as long as the strain for maximum critical current, m , is not reached.
Critical currents have been obtained according to IEC international standard 61788-2. 19 The voltage-current characteristics at different applied strains and magnetic fields have been measured by the sample current power supply with a resolution of 16 bits and three Keithley nanovoltmeters. There are three pairs of voltage taps measuring three turns ͑gauge length= 338 mm͒, one ͑central͒ turn ͑gauge length = 126 mm͒ and the current injection at the terminals ͑total length= 630 mm͒. The current was increased stepwise and the voltage measured during the hold time. The resulting Lorentz force was directed toward the center of the measurement mandrel. Finally the temperature of the helium bath, measured by a CERNOX sensor, was recorded continuously during the sample current ramp.
III. RESULTS
A. Bare Nb 3 Sn strand
The normalized critical current of the bare Nb 3 Sn wire at 4.2 K measured over one turn, with a gauge length of 126 mm, is shown in Fig. 2 . Data have been obtained for four different fields between 12 and 19 T and the applied axial strain varied from Ϫ0.34% to 0.47%. Note that the strain for maximum critical current, m , is 0.25%, as evidenced by the continuous line in the plot. The values of I c in the mentioned strain window are completely reversible. The irreversibility limit, irr , has been found slightly above 0.50% ͑not shown in Fig. 2͒ .
B. Jacketed Nb 3 Sn strand
The normalized I c at T = 4.2 K measured on the SS reinforced strand is shown in Fig. 3 for different field values and the applied tensile strain varied from zero to 1.10%. Up to this relatively high strain, I c behaves reversibly. No attempt was made to measure the irreversibility limit, mainly in order to prevent damage to the WASP that has a strain limit close to this value. The strain corresponding to the maximum critical current, m , has been found to be 0.57%, as evidenced by the continuous line in the plot. This value is rather large, compared to the value obtained for the bare strand, but is in agreement with previous results. 16 This means that the thermally induced precompression of Nb 3 Sn is higher in the presence of the SS jacket, resulting in reduced critical currents at zero applied strain: 183.6 A at 12 T, in comparison with 278.4 A at 12 T for the bare wire. At high fields and high tensile strain there is an inflection of the critical current, in particular at the highest field. Figure 4 compares the critical current density J c for the bare and jacketed wire, expressed as a function of intrinsic strain, = a − m , where a is the applied strain. For calculating J c a Cu/non-Cu ratio equal to 1 has been considered, as well as strand diameters of 0.81 mm and 0.80 mm, for the bare and jacketed samples, respectively. Note that the critical current densities at zero intrinsic strain are almost equal for the bare and the jacketed wires. A purely axial shift gives a good scaling for Ͻ0, whereas differences are evidenced at the right side of the maximum. Moreover, the asymmetry of the data with respect to = 0 is greatly enhanced in the SS reinforced strand at higher fields.
IV. STRAIN FUNCTIONS
From the physical point of view, T c and B c2 of Nb 3 Sn are strongly influenced by hydrostatic and deviatoric strain and, consequently, also the critical current. A number of models for the critical surface, I c ͑B , T , ͒, of Nb 3 Sn have been developed. These models require that the pinning mechanism does not change as a function of the variables B, T, and, as a consequence, scaling of the normalized pinning force
occurs. For this purpose B c2
‫ء‬ ͑͒ has been determined according Ekin. 25 In this frame, the field behavior of the pinning force is expressed in the general form b p ͑1−b͒ q . In the present analysis, because of the limited number of magnetic fields, the low field exponent p, was kept constant at 0.5. Then the normalized pinning force can be plotted vs. reduced magnetic fields as shown in Fig. 5 . Note that all measured points are fitted with a universal curve indicating that pinning is not influenced by jacketing with SS nor by high tensile strain values. For the sake of plot clarity data of the bare wire are not shown.
In this section the most common parameterizations using consistent notation are applied to the experimental data: the uniaxial power law function proposed by Ekin, 20 the values of parameters showing differences between bare and reinforced strand are reported in bold in the following tables.
A general expression for the critical current I c ͑B , T , ͒, as a function of the external magnetic field, B, the temperature, T, and the intrinsic strain, , is given by the separable form of the unified scaling law as follows:
where C 1 is a scaling constant and the three functions g͑͒, h͑t͒, and f P ͑b͒ describe the dependency on intrinsic strain, reduced temperature, and reduced field, respectively. An excellent summary of the explicit form of these functions for the different models has been reported recently by Bottura and Bordini; 26 throughout the present paper, we have maintained the same formulation and naming of parameters. In the following, we will explicitly report the main formulas, where the following definitions hold: s͑͒ is the reduced/ normalized strain function, = a − m is the intrinsic strain where a is applied strain and m is the tensile strain at which the maximum critical properties are reached, t = T / T c ‫ء‬ ͑0,͒ and b = B / B c2 ‫ء‬ ͑T , ͒ are the reduced temperature and the reduced magnetic field respectively, where T c ‫ء‬ ͑0,͒ = T c ‫ء‬ ͑0,0͓͒s͔͑͒ 1/w is the effective critical temperature at zero field and B c2
‫ء‬ ͑T , ͒ = B c2 ‫ء‬ ͑0,0͒s͑͒͑1−t ͒ is the effective upper critical field, p ͑p = 0.5 recommended͒ and q ͑q = 2 recommended͒, are the low and the high field exponent of the pinning force, respectively, B c2 ‫ء‬ ͑0,0͒ is the effective upper critical field at zero temperature and strain and T c ‫ء‬ ͑0,0͒
= T cm is the effective critical temperature at zero field and strain.
A. Uniaxial strain functions
Ekin's power law
In the Ekin's power law, 20 the strain dependence of I c is described by
where is an adjustable, material dependent, strain parameter varying for Nb 3 Sn between 1 and 1.2. As recommended, 26 we have maintained the following values: w =3; = 1.2; = 1.5; =2; u = 1.7. The constant a is a strain sensitivity parameter and is different for intrinsic strain Ͻ 0, a − , and Ͼ0, a + . This model has been applied to both the bare and the jacketed wire data. In the fit of the reinforced sample, the parameters found for the bare strand have been kept fixed, except m , g͑0͒, a + , and a − . Table II Note that all data fall on a universal curve indicating that pinning mechanism is not influenced by SS-jacketing ͑within the experimental conditions for magnetic field and axial strain͒. 
Durham polynomial
In Durham's semiempirical formulation, the following relations hold
Durham polynomial 21 parameters for the OST-I strand derived from variable strain, field, and temperature data are reported in Table III . Since the same strand has been widely characterized at Durham 27 we have used the same parameters, except for p and q ͑the low and high field exponent of the pinning force, respectively͒ and m , whose values have been found by globally fitting I c ͑͒ at different values of the magnetic field.
The fitting curve obtained by using the Durham polynomial function is in excellent agreement with data collected on the bare strand but this model fails in fitting data acquired on the SS reinforced wire. However, the fitting curves have not been shown in Figs. 6 and 7, for the sake of plot clarity.
Twente deviatoric description
An alternative uniaxial strain function has been proposed by the Twente group, 22 using a combination of microscopic theory and empirical fits, i.e., an approach similar to the one of Durham University
where C a1 and C a2 are strain fitting constants and 0a is the internal residual strain, i.e., the minimum amount of deviatoric strain present in an axial strain experiment. Here, as shown above, the general relations for the magnetic field and the critical temperature dependence on strain hold with w = 3 and = 1.52.
Since the OST-I strand has been characterized by the Twente University Group up to 12 T at 4.2 K, we used the parameter set found by the authors themselves. 28 However, some parameters have been changed with respect to the original ones, i.e., B c2 ͑0,0͒, C 1 , m , and 0a , in order to obtain a satisfactory agreement with the present experimental data. All parameters are reported in Table IV , both for bare and jacketed strands. The corresponding curves for the bare and reinforced strands are reported in Figs. 6 and 7 as dashed lines, respectively.
B. Multidimensional strain functions
Previous experiments have shown that uniaxial models might not be adequate to describe phenomena in which the radial component of the strain is relevant. 13 model the effect of the jacket on the Nb 3 Sn strand, a nonaxial strain component has to be included. This is obtained by a proper choice of the strain scaling function s͑͒, which varies in the different models. In this paragraph our data will be analyzed by the LBNL 23 and Markiewicz 24 approaches.
LBNL deviatoric description
The LBNL model is based on the Twente model, and is obtained by inserting the following expression of the strain function into Eq. ͑6͒:
A first set of parameters has been obtained by fixing p = 0.5 and q =2 ͑Table V͒, whereas p and q are left free in the second set reported in Table VI . The strain components m and 0a , as well as the scaling constant C 1 , have different values for the bare and the reinforced strand, due to the precompression of the jacket and the consequent area reduction, which affects C 1 . The curves obtained with parameters of Table V are very similar to those obtained with the Twente deviatoric description, so they are not plotted, for the sake of clarity; the curves obtained with parameters presented in Table VI are shown in Figs. 6 and 7 as thick solid lines.
Markiewicz invariant formulation
An alternative approach derived from an invariant formulation of the strain tensor is proposed by Markiewicz, 24 who however only defines the strain function s͑͒
with c 2 , c 3 , and c 4 as strain fitting constants. For the field and temperature dependence of the critical current, expression ͑6͒ is maintained, with p = 0.5 and q =2. Also in this case, the scaling constant C 1 and the strain component, m , are different for bare and reinforced strand. The fitting parameters are reported in Table VII and the corresponding curves are presented in Figs. 6 and 7 as dotted lines.
V. DISCUSSION
Comparing Figs. 2 and 3 , the shift in m , the axial strain at which the maximum of I c is reached, is rather important. For the bare wire m = 0.25% whereas this value is shifted to 0.57% for the jacketed wire. Due to the much higher thermal expansion coefficient and yield strength of SS with respect to the bare Nb 3 Sn conductor, the latter comes under increasing thermal precompression after cool down from the reaction temperature to 4.2 K. This was already shown in previous works. [10] [11] [12] [13] However, in contrast to earlier studies, J c at zero intrinsic strains are almost identical for the bare and the jacketed wire ͑Fig. 4͒. This indicates that an external jacketing, unlike an internal SS reinforcement, does not influence basic superconducting properties of the wire. 29 Due to the thermal precompression of 0.57%, the critical current is considerably reduced at zero applied strain. For instance, at 12 T I c = 184 A for the jacketed wire instead of 278 A for the bare one.
It is interesting to note that the irreversibility limit, irr , increases from about 0.50% applied strain for the bare wire ͑Fig. 2͒ to Ͼ1.1% for the jacketed wire ͑Fig. 3͒. These values correspond to 0.25% and Ͼ0.53% of intrinsic strain, respectively. So in the case of the jacketed wire there is an improvement of the intrinsic irreversible strain limit of Ͼ0.28%. A possible explanation of this phenomenon might be the reduced number of voids in the jacketed wire, as observed in Fig. 1 . The formation of voids in internal tin Nb 3 Sn wires has been studied recently by synchrotron micro tomography and x-ray diffraction. 30 A different interpretation of the observed phenomenon could be that the critical current remains reversible as long as the variation in the Nb 3 Sn lattice parameters with applied axial strain stays linear ͑elastic regime͒. For a similar jack- Further observations can be inferred from experimental data. Inspecting Fig. 3, I c ͑͒ becomes asymmetric with respect to the maxima of I c . Such asymmetry is known since long time 20, 33 but strain sensitivity for the jacketed wire is unusually high with increasing field. Further, again for the jacketed wire, strain sensitivity at tensile strains Ͼ0.8% and 19 T is reduced ͑change in the slope͒, which has also been observed in bronze route Nb 3 Sn wires with an extended irreversibility strain limit. 34 Due to the fact that I c in this strain range is reversible, excludes any artifact of the measurement ͑e.g., slipping of SS͒. At this moment it can only be speculated that these observations are related to a multidimensional strain effect.
After checking that the pinning mechanism is identical under the described experimental conditions ͑Fig. 5͒ all models for the strain scaling functions, either uniaxial or 3D ones, fit satisfactorily to the experimental data acquired on the bare wire, as confirmed by Fig. 6 . Regarding the SS reinforced wire, the experimental data cannot be fitted in the whole explored strain range by any model, especially for intrinsic strain Ͼ0 of the I c versus curves. In this region, the concavity of the experimental curve is more pronounced, especially at high fields, and only the 3D LBNL model seems to be capable of qualitatively reproducing the slope and the enhanced asymmetry of the strain curve. This positive curvature at high tensile strain values is also given qualitatively by the original numerical model calculation of Markiewicz, due to the third invariant term. 35 Even if the parameter sets reported in Tables II-VII provide for each model the best fitting curves found by us, the choice might be not unique. In this sense, considering the physical basis of the presented models, some of these parameters like the superconducting critical temperature and upper critical field could be experimentally determined 29 and compared with the values found here, thus reducing the number of free parameters in the fits.
VI. CONCLUSION
A characterization of an internal tin Nb 3 Sn wire developed by OST for ITER has been presented. The variation in I c versus uniaxial strain was measured by means of a Walters spring ͑WASP͒ in magnetic fields up to 19 T for the same Nb 3 Sn wire, both in the as-received state and after SS jacketing. The externally reinforced wire conserves almost the critical current at zero intrinsic strain, unlike Nb 3 Sn wires with internal SS reinforcement probably because of the radial compression in the external case. The applied strain at which the maximum I c is reached, m , is changed from 0.25% ͑bare wire͒ to 0.57% ͑jacketed wire͒ thus proving that the thermally induced precompression of Nb 3 Sn is higher in the presence of the SS. The irreversibility limit, irr , is strongly enhanced in the jacketed wire ͑more than 0.5% in strain͒. This characteristic allowed us to investigate the critical current behavior of the jacketed wire at much higher strains then that of the bare wire.
In order to understand the pronounced I c asymmetry, as well as the concavity observed for intrinsic strain Ͼ0 of the SS reinforced wire, we applied the most common parameterizations using consistent notation: the uniaxial power law function proposed by Ekin, the Durham polynomial law and the Twente deviatoric description, compared with the 3D models proposed by LBNL and Markiewicz, which take into account the effect of the radial strain component. All models fit the experimental data for the bare wire well. However, I c ͑͒ for the SS reinforced wire cannot be fitted satisfactorily by the known strain scaling functions, especially for intrinsic strain Ͼ0. The fact that the strain scaling function proposed by LBNL follows the I c curve inflections ͑at low and high applied strain͒ better than other models indicates that multidimensional effects are present, although not yet fully understood or correctly described.
